The dependence of polymer properties on their processing history can be used advantageously.
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Usage is restricted for the purposes of education and scientific research. DXC Website -www.dxcicdd.com ICDD Website -www.icdd.com Advances in X-ray Analysis, Volume 57 terephthalate (PET) is semi-crystalline aromatic polyester with a process sensitive microstructure. PET can exhibit an amorphous or semi-crystalline microstructure based on the thermal treatment (Jog, 1995) . Further, PET can be crystallized when subjected to strain, referred as strain-induced crystallization (SIC) (Thompson, 1959 , Jabarin, 1992 . Strain-induced crystallinity is an interesting behavior of polymers, where stretching of the molecular chains result in an orderly structure. PET can undergo strain-induced crystallization either through biaxial stretching (bi-axial film) or uniaxial stretching (fiber drawing). Progress of SIC in PET under different conditions has been studied using techniques like X-ray diffraction (Mahendrasingam et al., 1999) , and thermal analysis (Jabarin, 1992) . SIC in PET is dependent on several factors like temperature, strain rate, and stretch/draw ratios (Jabarin, 1992) .
The mechanical behavior of PET is of interest for a wide range of industrial applications from textiles to packaging and engineering moldings Hanan, 2012, Bandla et al., 2013) .
The modulus of PET is influenced by the extent of crystallinity and molecular orientation (Lyons, 1958 , Viswanathan et al., 1976 . PET processing induces crystallization from both thermal and strain-induced processes. This led researchers to study and relate the stretch ratio with molecular orientation and the resulting crystallinity. Stretch-blow molding of PET involves both bi-axial stretching and molecular orientation (Smith et al., 2006) . The effect of stretch ratio (Michaeli and Leopold, 2010) and crystallinity (Silberman et al., 1998) on the mechanical behavior of PET film from blow molded containers were studied individually. As the process involves multiple variables (material and process conditions), it is difficult to develop a correlation between these studies. The current study presents an approach to relate the mechanical behavior of bi-axially stretched PET films with the amount of crystallinity and molecular orientation.
Crystallinity in PET can be measured through different methods (Johnson, 1959 , Bashir et al., 2000 . X-ray diffraction is widely used for measuring the crystallinity in PET, as it provides the advantage of obtaining additional microstructural details like crystal size and orientation. PET exhibits a triclinic crystal structure, with 4 principle reflections from the (010), ) 10 1 ( , (100) and ) 05 1 ( planes (17.5°, 22.5°, 25.6° and 42.6° 2θ for Cu Kα X-rays) (Daubeny et al., 1954) . In the present work, X-ray diffraction was used to measure the percent crystallinity of PET films with different levels of stretching and determine crystal orientation with respect to testing directions.
Materials and Methods
Commercially available polyethylene terephthalate (PET) of M w 36000 g/mol (0.76 dL/g I.V.)
was used for the current study. PET samples of increasing wall thickness and weight (6.2, 7.5, 8.5, 9.5, and 11 grams) were injection molded using a cylindrical mold. Each cylinder had the same outside diameter. To increase the thickness at each weight the "core" of the mold was changed to a smaller diameter. The 6.2 g mold was also shorter than the others. Molded PET cylinders were marked along the length at uniform intervals of 5 mm, as shown in Figure 1 
Stretch Ratios
The linear stretch ratio is the ratio of the final length to the initial length. Two independent stretch ratios can be calculated for the bi-axially stretched films: the axial stretch ratio (ASR) and the circumferential stretch ratio (CSR). A radial stretch ratio (RSR) can also be calculated, but is
dependent on the other two, as volume is conserved. The formulas used to calculate each stretch ratio are presented in Figure 1 . Using the different weight cylinders a range of axial stretch ratios (ASR) from 3.3 to 5.1 and circumferential stretch ratios (CSR) of 4.2 to 4.7 were produced. The CSR remained same for a particular container weight.
Mechanical Testing
PET film samples collected were tested following ASTM D 882 on a hydraulic driven universal testing machine (Instron 8802), at an extension rate of 5 mm/min. A laser extensometer (LE-05 model) was used for accurate strain measurements. The Young's modulus was obtained from the slope of the initial region of the stress-strain curve. Figure 2 is a plot of the stress-strain curves of films tested in both axial and transverse directions with the amorphous PET cylinders from injection molding. A minimum of five samples for each different stretch ratio were tested.
The average Young's modulus of each sample type was 2.1±0.1 GPa, 4.3±0.3 GPa, and 4.7±0.5 GPa for the amorphous, axially stretched and transverse stretched directions respectively. 
X-Ray Analysis
Diffraction patterns for the bi-axially stretched PET films were collected on a Bruker D8 Discover micro-X-ray diffraction system equipped with a 2D detector. Cu Kα radiation (λ = Partial and concentrated diffraction ring from the two-dimensional frames, indicate strong orientation of the crystallites. Although PET exhibits multiple characteristic reflections, only the ) 100 ( reflection was visible to evaluate orientation under the current laboratory coordinates. To determine the crystallite orientation, diffraction patterns were collected at fixed θ 1 = 12.5°
(source) and θ 2 = 12.5° (detector) by rotating the sample along the -direction in steps of 5° at multiple χ -positions (-5° and 32°) . Collected 2D diffraction frames were integrated along the χ -direction at 1° step size. Pole figures were generated based on the intensity of the ) 100 ( diffraction peak, as shown for samples from regions R1 and R6 with different stretch ratios in CSR. As can be seen from Figure 5 , crystallinity increased till an axial stretch of 3.8 and then decreased with increasing axial stretch up to 4.4 and showed no increase with further stretching.
In general, crystallinity is considered to increase with higher stretch ratios. The crystallinity in the out of plane direction may be influenced by the thermal history from cooling rather than simply increase as a function of mechanical stretching. As seen from Figure 6 , films with higher thickness show more crystallinity. Thicker films would cool more slowly. In addition to that, the decrease in the crystallinity observed here could be due to the presence of in-plane texture in the SIC domains. As seen from Figure 4 (a) and (b), crystalline content is measured at 39% and 47%. Along with the significant out-of-plane texture, this suggests the importance of measuring crystallinity in the in-plane direction of the film, which will be measured in future work. Unless all the film samples have their molecular orientation aligned with the testing direction, it is more difficult to make a comparison of the relationship to crystalline fraction and modulus. Only relating the stretch ratios with percent crystallinity does not include the thermal influence.
While in this work the thermal history before blowing was kept constant, some difference in quench rate (during stretching) may arise from the difference in final film thickness. Accounting the influence of thermal effects on the crystallinity development may help in modeling the behavior more accurately. 
Conclusions
With the current approach, PET films with different stretch ratios can be obtained. X-ray diffraction allowed associating the orientation of PET crystals with sample directions (axial and transverse). Furthermore, it aided in non-destructively quantifying the extent of crystallinity present in the film, for relating with mechanical properties. The ) 100 ( crystallinity (averaged over ) increased till an axial stretch of 3.8 and decreased with increasing stretch ratio till 4.4.
From the data, it is evident that stretch ratios have an effect on both crystallinity and film modulus. Significant texture was observed. All of the ) 100 ( planes were aligned with the film plane within ± 15 o . The impact of the increasing stretch ratio is directionally dependent, with more dependence in the transverse direction than in the axial direction. Determining the stretch ratios of the actual samples used for measuring the percent crystallinity and modulus will aid developing better models to predict the performance of PET.
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